Every day, we visually coordinate our movements with environmental rhythms. Despite its ubiquity, it largely remains unclear why certain visual rhythms or stimuli facilitate such visuomotor coordination. The goal of the current study was to investigate whether the velocity profile of a rhythmic stimulus modulated the emergence and stability of this coordination. We examined both intended (Experiment 1) and unintended or spontaneous coordination (Experiment 2) between the rhythmic limb movements of participants and stimuli exhibiting different velocity profiles. Specifically, the stimuli oscillated with either a sinusoidal (harmonic), nonlinear Rayleigh, or nonlinear Van der Pol velocity profile, all of which are typical of human or biological rhythmic movement. The results demonstrated that the dynamics of both intended and unintended visuomotor coordination were modulated by the stimulus velocity profile, and that the Rayleigh velocity profile facilitated the coordination, suggesting a crucial role of the slowness to the endpoints or turning points of the stimulus trajectory for stable coordination. More generally, these findings open promising research directions to better understand and improve coordination with artificial agents and people with social deficits.
. It remains unclear, however, why such agency manipulations influence the strength of visuomotor coordination. More generally, it remains unclear why certain forms or types of external visual rhythms result in more robust coordination. As we detail below, the velocity profiles of external environmental stimuli (i.e., visual rhythms) may provide a coherent explanation for these differences.
Rhythmic Visuomotor Coordination
Previous research has shown that the coordination between the movements of an actor and a visual environmental rhythm can be understood as constrained by the dynamical entrainment processes of coupled oscillators (Byblow, Chua, & Goodman, 1995; Coey, Varlet, Schmidt, & Richardson, 2011b; Peper & Beek, 1998; Richardson, Marsh, Isenhower, Goodman, & Schmidt, 2007; Schmidt & O'Brien, 1997; Schmidt, Carello, & Turvey, 1990; Tognoli, Lagarde, DeGuzman, & Kelso, 2007; Wimmers et al., 1992) . In line with the predictions of the Haken-Kelso-Bunz model of bimanual coordination (Haken, Kelso, & Bunz, 1985; Kelso, 1984 Kelso, , 1995 Schöner, Haken, & Kelso, 1986) , it has been demonstrated that intended and unintended visuomotor coordination are preferentially attracted toward in-phase and antiphase patterns. These two patterns of coordination have been observed across a wide variety of laboratory and ecological situations . They correspond to movements that oscillate at the same time in the same direction or in opposite directions, and correspond to relative phase values of 0°or 180°, respectively Schmidt et al., 1990; Wimmers et al., 1992) . Of particular note is that in-phase (0°) coordination is more stable than antiphase (180°) coordination, as indicated by lower levels of relative phase variability for in-phase compared to antiphase coordination.
Visuomotor Coordination and Stimulus Kinematics
Numerous studies have demonstrated that the emergence and stability of such rhythmic visuomotor coordination depends on the movement kinematics of the stimulus. The period or frequency of visual rhythms plays a crucial role in the coordination dynamics . In agreement with Haken-KelsoBunz model predictions (Fuchs, Jirsa, Haken, & Kelso, 1996; Haken et al., 1985) , the most stable coordination occurs when the stimulus period is equal to the preferred movement period of the actor, and that faster and slower stimulus periods result in a decrease in coordination stability (Amazeen et al., 1995; LoprestiGoodman et al., 2008; Richardson, Marsh, & Schmidt, 2005; Schmidt, Bienvenu, Fitzpatrick, & Amazeen, 1998) . In addition, the antiphase pattern can only be maintained for slow to moderate stimulus frequencies. The stability of the antiphase pattern decreases with faster stimulus periods, which often results in a spontaneous breakdown or transition to the in-phase pattern of coordination (Peper & Beek, 1998; Schmidt et al., 1990; Wimmers et al., 1992) . Bingham and his colleagues proposed that this effect reflects the increasing difficulty for participants to detect the movement information that serves stable coordination at faster stimulus periods (Bingham, Schmidt, & Zaal, 1999; Bingham, Zaal, Shull, & Collins, 2001; Bingham, 2004a; Wilson, Collins, & Bingham, 2005a; Zaal, Bingham, & Schmidt, 2000) .
With more mixed results, previous research has also demonstrated an influence of the movement amplitude of visual rhythms (de Rugy, Oullier, & Temprado, 2008; Peper & Beek, 1998; Varlet et al., 2012a) . In line with results observed in bimanual coordination (Peper, de Boer, de Poel, & Beek, 2008) , larger stimulus amplitudes strengthen the coupling underlying unintended visuomotor coordination resulting in stronger spontaneous in-phase and antiphase entrainment (Varlet et al., 2012a) . This effect of stimulus amplitude, however, has not been found when the visuomotor coordination was intentional (de Rugy et al., 2008; Peper & Beek, 1998) .
Stimulus Velocity Profile
In contrast to the extensive knowledge that we have about the influence of the period or frequency of visual rhythms, only little is known about whether the stimulus velocity profile modulates visuomotor coordination. The different studies cited above investigated visuomotor coordination with computer-generated stimuli that oscillated with a perfectly sinusoidal trajectory or in interpersonal coordination tasks in which the velocity profile of participants' movement was not manipulated or controlled. Despite the lack of research directly examining this factor, a variety of results in the literature do support the hypothesis that the stimulus velocity profile can modulate the emergence and stability of visuomotor coordination.
Of particular relevance is the previous research that has shown that certain locations in the trajectory of a visual rhythm appear to be especially important for stable coordination. Hajnal, Richardson, Harrison, and Schmidt (2009) manipulated the occlusion of different locations of the trajectory of an oscillating (sinusoidal) stimulus when participants performed intended in-phase and antiphase coordination. They found that the least stable coordination occurred when occluding the endpoints or turn-around points of the trajectory, indicating that they are the privileged parts of the trajectory providing access to movement information that supports stable coordination. Similarly, Roerdink and collaborators demonstrated that participants in intended visuomotor coordination preferentially pick up information about stimulus displacements by gazing at the endpoints of the trajectory, an effect that increases with faster stimulus periods (Roerdink, Peper, & Beek, 2005) . Such fixations on the endpoints of the stimulus trajectory result in participants' movements being locally more anchored in time and space, and such anchoring facilitates stable coordination (Beek, 1989; Fink, Foo, Jirsa, & Kelso, 2000; Roerdink et al., 2008) . The importance of the endpoints of visual (sinusoidal) rhythms could be explained by the slowness of this part of the trajectory, which might facilitate the detection of critical movement information (Bingham et al., 2001; Hajnal et al., 2009; Wilson et al., 2005a; Zaal et al., 2000) .
Another particularly interesting finding is that the velocity profile of visual rhythms modulates the occurrence of movement interference during action observation tasks (Chaminade, Franklin, Oztop, & Cheng, 2005; Kilner et al., 2007 Kilner et al., , 2003 Kupferberg et al., 2011) . Working from the common-coding approach to perception and action (Hommel, Müsseler, Aschersleben, & Prinz, 2001; Prinz, 1997; Sebanz, Knoblich, & Prinz, 2003) , researchers have examined how the rhythmic horizontal and vertical arm movements of participants are influenced by the observation of visual This document is copyrighted by the American Psychological Association or one of its allied publishers.
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rhythmic movements in compatible and incompatible directions. These studies have suggested that observed movements "interfered" with the movement of participants when the participants observed a visual rhythm oscillating in incompatible direction, as indicated by larger spatial variability in the uninstructed movement plane (Kilner et al., 2007 (Kilner et al., , 2003 Stanley et al., 2007) . This effect, however, only occurred when the stimulus velocity profile was similar to that of a human. The observation of a computergenerated stimulus with a harmonic (sinusoidal), or close to harmonic, velocity profile characteristic of human movement kinematics produced a similar form of movement interference, whereas stimuli with a nonhuman, constant velocity profile had no effect (Chaminade et al., 2005; Kilner et al., 2007 Kilner et al., , 2003 Kupferberg et al., 2011) . Interestingly, recent studies working from a dynamical system perspective have demonstrated that this additional movement in the uninstructed plane actually results from actors becoming unintentionally coordinated with the observed movement (Fine, Gibbons, & Amazeen, 2013; Richardson, Campbell, & Schmidt, 2009; Romero, Coey, Schmidt, & Richardson, 2012) . This suggests that the same control processes underlie both the occurrence of rhythmic movement interference and rhythmic movement coordination and, hence, that the dynamics of visuomotor coordination is likely to be modulated by the velocity profile of the observed rhythms. It remains largely unclear, however, how the velocity profile of visual rhythms could modulate the processes underlying the occurrence and stability of visuomotor coordination. Why would a human (harmonic) velocity profile facilitate visuomotor coordination? So far, this effect has been interpreted as a consequence of an increased affinity for the human or biological nature of the visual rhythm (Chaminade et al., 2005; Kilner et al., 2007 Kilner et al., , 2003 . Alternatively, questions can be raised about whether this effect could be due to the properties of the stimulus velocity profile that would moderate the strength of the visual coupling. Supporting this possibility is previous research by Jansson and collaborators that has shown that the same effects can occur with both human and nonhuman stimuli when their movement kinematics are controlled to be identical (Jansson, Wilson, Williams, & Mon-Williams, 2007) . Specifically, it is possible that the damping or slowness at the endpoints of the trajectory of human (harmonic) oscillations facilitates the detection of movement information serving stable coordination (Bingham et al., 2001; Hajnal et al., 2009; Roerdink et al., 2005) . Important to this alternative account is the fact that human rhythmic movements are not always perfectly harmonic but often display nonlinear velocity profiles that might influence visuomotor coordination if it is not only the biological nature of the stimulus velocity profile that matters.
When an actor performs an oscillatory movement of his index finger, arm, or leg, for example, subtle to moderate deviations from a perfectly harmonic motion can be observed, which depend on the task and movements constraints. (Beek, Rikkert, & van Wieringen, 1996; Beek, Schmidt, Morris, Sim, & Turvey, 1995; Kay, Kelso, Saltzman, & Schöner, 1987; Mottet & Bootsma, 1999; Roerdink et al., 2008) . For example, Mottet and Bootsma (1999) have shown that continuous deviations from ideal (harmonic) motion occur in the kinematics of goal-directed aiming movements in a reciprocal Fitts' task and that these nonlinearities change as a function of the distance and precision constraints of the task. Such nonlinearities have been demonstrated for several other movements and tasks, including the simple swinging of handheld pendulums in which the form and magnitude of nonlinear deviations occurring depend on the movement frequency and mechanical properties of the pendulum used (Beek et al., 1995; Varlet et al., 2012b) . In accordance with these observations, the kinematics of human rhythmic movement have been captured with the HakenKelso-Bunz model by using "hybrid," nonlinear limit cycle oscillators (Haken et al., 1985; Kay et al., 1987) . Specifically, this model employs the nonlinear terms of Rayleigh and Van der Pol oscillators to account for general properties of human rhythmic movement (Kay et al., 1987) . The nonlinear Van der Pol and Rayleigh terms, producing respectively earlier and later velocity peaks in the movement cycle, allow the model to capture most of the kinematic deviations of human rhythmic movement from a purely harmonic motion.
Despite the numerous studies that have demonstrated that human movements are rarely perfectly harmonic and often have nonlinearities, no connection has been made between this literature and research on movement coordination or interference during the observation of visual (human) rhythmic movements. More particularly, no study has yet investigated whether such nonlinearities in the velocity profiles of visual (human) rhythmic movements modulate the occurrence and stability of visuomotor coordination. Making this connection is important, however. As discussed before, an individual's movements are known to be more influenced by the observation of human than nonhuman movements and this effect has been assumed to originate from an increased affinity for biological movements (i.e., movements produced by other humans; Chaminade et al., 2005; Kilner et al., 2007 Kilner et al., , 2003 Stanley et al., 2007) . In line with the assumption that only the biological nature of the velocity profile of visual rhythms matters, one would not expect any difference between sinusoidal (harmonic), Rayleigh and Van der Pol velocity profiles on the emergence and stability of visuomotor coordination, because they are all typical of biological rhythmic movements. Indeed, as explained above, sinusoidal (harmonic), Rayleigh and Van der Pol velocity profiles are all observed in the rhythmic movements produced by humans, with their occurrence depending on the movement and task constraints. In contrast, if it is not only the biological nature of the rhythms that matters, but also the properties of the movement kinematics as suggested for example by Jansson Wilson, Williams, and MonWilliams (2007) , these different velocities profiles could be expected to yield differences in coordination in specific ways. Rayleigh oscillations start faster and finish slower than harmonic motion, and Van der Pol oscillations start slower and finish faster (Kay et al., 1987) . It is possible that the movement information available in the part of the trajectory going toward the endpoints is more important to the stability of coordination than that available in the part going away from the endpoints. Supporting this assumption are numerous studies showing, in a variety of goal directed tasks, that control is greatest at the endpoint of the trajectory (e.g., Desmurget & Grafton, 2000; Mottet & Bootsma, 1999) . We thus hypothesized that Rayleigh oscillations, which "finish" slower than harmonic oscillations, would facilitate coordination, and Van der Pol oscillations, which "finish" faster, would degrade coordination. The following two experiments were aimed at investigating these hypotheses. This document is copyrighted by the American Psychological Association or one of its allied publishers.
Experiment 1
The goal of Experiment 1 was to investigate the influence of the velocity profile of visual rhythms on intended visuomotor coordination. We examined the in-phase coordination between forearm movements of participants and computer-generated stimuli oscillating with sinusoidal (sinus), Rayleigh or Van der Pol velocity profiles. The Rayleigh and Van der Pol stimuli were expected to result in more and less stable coordination (respectively) compared with the sinus stimulus because their velocities to the trajectory endpoints are slower and faster (respectively) than the sinus stimulus. In contrast, no difference was expected between these three stimulus velocity profiles if it is only the human or biological nature of visual rhythms that modulates the form and stability of coordination.
Method
Participants. Twenty-two undergraduates from the University of Cincinnati participated in the experiment for partial course credit. All of them had normal or corrected-to-normal vision and provided written informed consent prior the experiment. This experiment was approved by the University of Cincinnati Institutional Review Board.
Apparatus. The participants sat in chair in front of a projection screen (1.25 m ϫ 1.70 m; see Figure 1 ). An Epson Powerlite 53c projector (Epson America, Long Beach, CA) was used to display on the screen a dot that oscillated horizontally at the height of the participant's forearm. A 1 cm ϫ 1 cm ϫ 1.5 cm FASTRAK motion-tracking sensor (Polhemus Ltd., Colchester, VT) was fixed to the tip of participants' right index finger to record their forearm movement (with index finger extended) in the horizontal plane at a sampling rate of 60 Hz with a 0.01 mm spatial resolution. The participants wore safety goggles adapted to prevent them from seeing their own movements. Depending on their posture and forearm position, some participants might have had access to visual information about the rhythmic movements they performed in addition to somatosensory information. Having access to such visual information could modulate the control processes underlying the coordination, and thus, safety goggles were used to avoid such an issue.
Task and stimuli. The stimulus was a red dot with a diameter of 5.75 cm and movement amplitude of 80 cm (i.e., visual angle of approximately 60°). Stimulus periods of 1.5 s and 0.75 s were used. The stimulus displacements were either perfectly harmonic (i.e., sinus stimulus), or were generated using a nonlinear Rayleigh oscillator equation (i.e., Rayleigh stimulus), or a nonlinear Van der Pol oscillator equation (i.e., Van der Pol stimulus; see Figure 2 ). The time series of the Rayleigh and Van der Pol stimuli were obtained prior the experiment with numerical simulations in which the parameters were chosen in order to have Rayleigh and Van der Pol stimuli kinematics with moderate deviations from the sinus kinematics and from each other (see Appendix).
Procedure. On their arrival, the experimenter informed the participants that the experiment was investigating their performance in rhythmic manual tracking task, and that they would be required to do their best to track the displacements of an oscillating dot with the movement of their right-forearm (index finger extended) in the horizontal plane without moving their wrist and their finger. Although stimulus movements were comfortably tracked using only eye movements due to moderate amplitude (i.e., visual angle of approximately 60°), participants were asked to not move their head when tracking the stimulus and the experimenter made sure that participants complied with this instruction throughout the experiment. Participants first completed practice trials in which they had to coordinate with the different stimuli (sinus, Rayleigh and Van der Pol stimuli). Following this practice period, the participants performed 12 randomized trials (three stimulus kinematics [sinus, Rayleigh, and Van der Pol] ϫ 2 stimulus periods [1.5 s and 0.75 s] ϫ 2 trials per condition) of 40 s each with a 5-min break halfway through the trials.
Design and analysis. The forearm movement of participants in the horizontal plane was extracted, centered around zero, and low-pass filtered using a 10 Hz Butterworth filter. We then discarded the first five cycles of each trial to eliminate transient behavior. To examine the coordination of participants, we computed discrete (point-estimate) relative phase because of the experimental manipulations of the current study. Although continuous and discrete relative phase are often equivalent, the use and interpretation of the continuous relative phase is limited in some circumstances, specifically when the movement is not perfectly sinusoidal (Fuchs et al., 1996; Fuchs & Kelso, 1994; Peters, Haddad, Heiderscheit, Van Emmerik, & Hamill, 2003; Varlet & Richardson, 2011) . We computed discrete relative phase between 0°and 360°at both minimum and maximal inflection points of the time series (Kelso, 1984) . We then used circular statistics to compute two variables (Batschelet, 1981) . We calculated the mean phase shift from the intended in-phase coordination Schmidt et al., 1998) . Negative and positive phase shift values indicated that the movement of participants led or lagged behind the stimulus, respectively. We also computed the standard deviation of the relative phase in order to examine the variability of the coordination Schmidt et al., 1998) . Perfect performance in the manual-tracking task would be characterized by mean phase shift and standard deviation values of zero.
We also computed the standard deviation of the movement positions at both minimum and maximum inflection points in order to examine the spatial anchoring of participants' movements (Fink et al., 2000; Roerdink et al., 2008) . Finally, to quantify the nonlinearity of the movement kinematics of participants in the differ- Figure 1 . Illustration of the experimental setup used in the current study. This document is copyrighted by the American Psychological Association or one of its allied publishers.
ent experimental conditions, we calculated the deviation from a straight line in the average normalized Hooke's portraits (Mottet & Bootsma, 1999; Roerdink et al., 2008) . This represents the contribution of nonlinear components and can be quantified by NL ϭ 1 Ϫr 2 , where r 2 is the amount of variance explained by the linear regression of position onto acceleration and attributed to a harmonic oscillation. To obtain the average normalized Hooke's portraits, we computed the velocity and acceleration of participants from their positions normalized between Ϫ1 and 1 (Mottet & Bootsma, 1999 ). Velocity and acceleration were then time normalized to 30 points using a spline interpolation procedure and all half-cycles were then averaged point by point. Higher values of NL indicate stronger nonlinearity in participants' movement kinematics.
Statistical analysis. We used 2 ϫ 3 repeated-measures ANOVAs with variables of Stimulus Period (1.5 s and 0.75 s) and Stimulus Kinematics (sinus, Rayleigh, and Van der Pol) for statistical analysis of mean phase shift, standard deviation of the relative phase, spatial anchoring, and nonlinearity of the movement kinematics (NL) of participants. We used Bonferroni post hoc comparisons to determine the nature of the effect when necessary.
Results
Phase shift from intended coordination. The ANOVA performed on the mean phase shift yielded significant main effects for Stimulus Period, F(1, 21) Figure 3B ). There were no significant main effect for Stimulus Kinematics, F(2, 42) ϭ 1.29, p Ͼ .05, p 2 ϭ 0.06, and significant interaction between the two factors, F(2, 42) ϭ 2.69, p Ͼ .05, p 2 ϭ 0.07.
Spatial anchoring. The ANOVA performed on the spatial anchoring yielded significant main effects for Stimulus Period, F(1, 21) ϭ 25.53, p Ͻ .05, p 2 ϭ 0.55, and for Stimulus Kinematics, F(2, 42) ϭ 4.07, p Ͻ .05, p 2 ϭ 0.16. These results indicated lower variability of the movement position of participants at inflection points when coordinating with the slowest stimulus and with the Rayleigh stimulus compared with the sinus stimulus (p Ͻ .05); an effect that tended to also occur when compared with the Van der Pol stimulus (p ϭ .11; see Figure 3C ). There was no significant interaction between the Stimulus Period and Stimulus Kinematics, F(2, 42) ϭ 0.30, p Ͼ .05, p 2 ϭ 0.01. Nonlinearity of the movement kinematics (NL). The mean of NL values was 0.05 (SD ϭ 0.05) indicating that participants exhibited harmonic or very close to harmonic motion. Although the nonlinearity of participants' movement obviously tended to increase when coordinating with nonlinear stimuli as indicated by a marginally significant main effect of Stimulus Kinematics, F(2, 42) ϭ 2.80, p ϭ .07, p 2 ϭ 0.07, the movement produced remained very harmonic as indicated by NL values very close to 0 (all values below 0.06). Note, these values were quite lower than those of the This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
Rayleigh and Van der Pol stimuli (i.e., 0.2). The analysis also revealed a significant main effect for Stimulus Period, F(1, 21) ϭ 88.58, p Ͻ .05, p 2 ϭ 0.81, indicating an increase of the nonlinearity of the movement kinematics of participants when coordinating with the slowest stimulus (M ϭ 0.07; SD ϭ 0.05) as compared with the fastest stimulus (M ϭ 0.02; SD ϭ 0.02). There was no significant interaction between Stimulus Kinematics and Stimulus Period, F(2, 42) ϭ 2.48, p Ͼ .05, p 2 ϭ 0.09.
Discussion
Experiment 1 tested whether the velocity profile of visual rhythms influenced intended visuomotor coordination by comparing the synchronization of participants with visual stimuli that oscillated with a sinusoidal, Rayleigh, or Van der Pol kinematics. Again, if the availability of critical movement information is increased for the actor with slower approach toward the endpoints of the movement trajectory, the Rayleigh stimulus should have produced more stable coordination and the Van der Pol stimulus less stable coordination with respect to the sinus stimulus. However, if it is only the human or biological nature of visual rhythms that is important, there should have been no differences in the stability of coordination between the three velocity profiles.
Although adequate synchronization was evident in the different conditions, the results did, in fact, demonstrate differences between the three stimulus velocity profiles. Specifically, the Rayleigh stimulus yielded lower mean phase shifts from the instructed in-phase coordination pattern than did the sinus stimulus, and the Van der Pol stimulus yielded greater phase shifts. The results also showed stronger spatial anchoring when coordinating with the Rayleigh stimulus, as indicated by lower positional variability at inflection points of participants' movement. These modifications, however, were not accompanied by changes at the level of coordination variability. Nonetheless, these results do support that it is not only the human or biological nature of the stimulus that modulates the dynamics of coordination, but also the properties of the stimulus velocity profile, and suggest the slowness toward the endpoints of the Rayleigh stimulus facilitated the coordination.
It is possible that effects on the variability of coordination might be more likely to occur for weaker states of coordination, as it is the case for unintended rhythmic visuomotor coordination Schmidt & O'Brien, 1997) . Contrary to intended coordination that is often absolute with a stable phase relation, unintended coordination is relative and characterized by intermittent attractions toward in-phase and antiphase patterns of coordination (von Holst, 1973) . Accordingly, unintended coordination is more likely to be affected by certain experimental manipulations, such as stimulus period and visual attention, than is intended coordination Schmidt, Richardson, Arsenault, & Galantucci, 2007) . Of particular note, previous research has also shown that manipulations of stimulus amplitude only influences the stability of unintended coordination (de Rugy et al., 2008; Peper & Beek, 1998; Varlet et al., 2012a) . Therefore, we designed Experiment 2 to examine the influence of the velocity profile of visual rhythms on unintended visuomotor coordination.
Experiment 2
In Experiment 2, participants performed rhythmic forearm movement at a self-selected tempo while simultaneously calling out the changing color of an oscillating stimulus. Participants believed the experiment was designed to test color perception, and the movements of the stimulus were a "distraction" from this primary task. This method ensured participants visually tracked the stimulus movements and also preserved the unintended character of any resulting coordination (Lopresti-Goodman et al., 2008; Schmidt et al., 2007; Varlet et al., 2012a) . In view of Experiment 1, stronger entrainment was expected when participants visually tracked a stimulus oscillating with a Rayleigh kinematics as compared to stimuli oscillating with either sinusoidal or Van der Pol kinematics.
Method
Participants. Twenty-two undergraduates from the University of Cincinnati participated in the experiment for partial course credit. All participants had normal or corrected-to-normal vision. All of them participated in Experiment 1. However, in order to This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
conserve the unintended nature of the coordination, Experiment 2 was performed before Experiment 1. This experiment was approved by the University of Cincinnati Institutional Review Board. Apparatus. The apparatus was the same as in Experiment 1 with the exception that the stimulus display was different.
Task and stimuli. The experimenter instructed participants to name the color changes of a stimulus as quickly as possible while they performed rhythmic forearm movement in the horizontal plane at a self-chosen tempo in two different conditions: tracking and control (Lopresti-Goodman et al., 2008; Schmidt et al., 2007; Varlet et al., 2012a) . In the tracking condition, the color changes appeared on a horizontally oscillating dot that participants visually tracked. Even if stimulus movements were comfortably tracked using only eye movements due to moderate amplitude (i.e., visual angle of approximately 60°), participants were instructed to not move their head. The experimenter checked throughout the experiment that participants complied with this instruction. In the control condition, the color changes appeared on a stationary dot in the middle of the screen (i.e., Figure 1 ). Although the stimulus did not oscillate during these trials, the computer program generated oscillating stimulus time series. The coordination between these control trial stimulus time series and the movement of participants could then be used to assess chance level coordination. Both the oscillating and stationary dots had a diameter of 5.75 cm and were displayed at the forearm height of participants. The dots changed color randomly from red to either yellow, blue, green, or white for 200 ms every 2 s plus a random offset between 0 and 0.999 ms. As in Experiment 1, the oscillating dot had a movement amplitude of 80 cm (i.e., visual angle 60°) and either sinusoidal, Rayleigh, or Van der Pol movement kinematics. The moving dots oscillated with a period of 1.5 s, which corresponded to the average preferred period of 10 participants obtained in a pilot study.
Procedure. On arrival, the experimenter informed participants that the experiment was investigating color processing during multitask performance, and that they would be required to call out color changes that appeared on stimuli on the screen as quickly as possible while simultaneously performing rhythmic forearm movements. The participants first completed a practice period to explore different movement periods and find what was the most comfortable for them. They then performed eight randomized trials (two trials for each stimulus [sinus, Rayleigh, and Van der Pol] in the tracking condition and two trials in the control condition) of 40 s each with a 5-min break halfway through the trials.
Design and analysis. As in Experiment 1, we computed the relative phase and the nonlinearity of the movement kinematics (NL) of participants. However, because unintended visuomotor coordination is relative instead of absolute, we normalized the relative phase angles between 0°and 180°, and then computed the distribution of relative phase to examine entrainment toward inphase and antiphase patterns (see Lopresti-Goodman et al., 2008; .
Statistical analysis. We used a 2 ϫ 3 ϫ 9 repeated-measures ANOVA with variables of Visual Condition (control and tracking), Stimulus Kinematics (sinus, Rayleigh, and Van der Pol) and Phase Region (0°-20°, 20°-40°, . . . , 160°-180°) for the statistical analysis of the relative phase distributions. In view of previous research that demonstrated that unintended visuomotor phase entrainment occurs around 0°and 180°, we focused only on the interactions involving the factor phase region, and only on the phase region 0 -20°and 160 -180°for the Bonferroni post hoc comparisons (Issartel, Marin, & Cadopi, 2007; Lopresti-Goodman et al., 2008; Schmidt et al., 2007) . We used a 2 ϫ 3 repeatedmeasures ANOVA with variables of Visual Condition (control and tracking) and Stimulus Kinematics (sinus, Rayleigh, and Van der Pol) for the statistical analysis of the nonlinearity (NL) of the movement kinematics of participants. In both of these analyses, the control data corresponded to the averages of the chance level coordination between the participant's movements during the two control trials and the (nonpresented) stimulus time series, for each of the three different stimulus types.
Results
Relative phase distributions. The ANOVA performed on relative phase distributions showed a significant interaction between visual condition, phase region, and stimulus kinematics, F(16, 336) ϭ 2.43, p Ͻ .05, p 2 ϭ 0.11 (see Figure 4) . Post hoc comparisons for the phase region 0°-20°showed that in-phase entrainment occurred for all the stimuli in the tracking condition, as indicated by a greater percentage of occurrence than in the control condition (no stimulus displayed; p Ͻ .05), and that inphase entrainment was stronger for the Rayleigh stimulus compared with the sinus and Van der Pol stimuli (p Ͻ .05). Post hoc comparisons for the phase region 160°-180°revealed that antiphase entrainment occurred only for the Van der Pol stimulus, as indicated by greater percentage of occurrence compared to the control condition (p Ͻ .05), and that this entrainment was stronger compared with the Rayleigh Stimulus (p Ͻ .05) but not significantly different from the sinus stimulus (p Ͼ .05).
Nonlinearity of the movement kinematics (NL). The ANOVA performed on NL did not show any significant main effects of visual condition, F(1, 21) ϭ 0.12, p Ͼ .05, p 2 ϭ 0.01, and stimulus kinematics, F(2, 42) ϭ 0.59, p Ͼ .05, p 2 ϭ 0.03, or significant interaction between these two factors, F(2, 42) ϭ 0.59, p Ͼ .05, p 2 ϭ 0.03. As indicated by NL values very close to 0 (M ϭ 0.05; SD ϭ 0.05), participants exhibited harmonic or very close to harmonic movements irrespective of stimulus movements displayed on the projection screen. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
Discussion
The goal of Experiment 2 was to determine the influence of the velocity profile of visual rhythms on unintended visuomotor coordination. We examined the spontaneous movement entrainment of participants with visual stimuli oscillating with sinusoidal, Rayleigh, or Van der Pol velocity profiles. We expected that participants' movements would become spontaneously synchronized with the stimulus movements during visually tracking, and that synchronization would be strongest for the Rayleigh stimulus, as in Experiment 1.
As a replication of previous research, the results showed that participants did spontaneously synchronize their movements with the stimulus while visually tracking its displacements, and that this synchronization occurred toward the preferred in-phase and antiphase patterns of coordination (Issartel et al., 2007; Oullier, De Guzman, Jantzen, Lagarde, & Scott Kelso, 2008; Schmidt et al., 2007; Tognoli et al., 2007) . These results extend previous research in showing that spontaneous movement entrainment of participants is modulated by the velocity profile of the observed visual rhythms. In line with Experiment 1, the results of Experiment 2 showed that the coordination of participants was strengthened when the stimulus oscillated with a Rayleigh movement kinematics.
Again, this facilitative effect of the Rayleigh velocity profile might be attributed to its slower approach to the end of its trajectory, which might aid the detection of movement information underlying entrainment (Bingham et al., 2001; Hajnal et al., 2009; Wilson et al., 2005a; Zaal et al., 2000) . This account is consistent with previous research which proposed the most important information for stabilizing coordination with an oscillating stimulus is available for the actor around the endpoints of its trajectory (Hajnal et al., 2009; Roerdink et al., 2008 Roerdink et al., , 2005 , and extends them by suggesting the part of the trajectory going toward the endpoints is more important than the part going away from the endpoints.
Nevertheless, it should be noted that there was no difference in the strength of coordination with the sinus and Van der Pol stimuli. The Van der Pol stimulus did not degrade spontaneous synchronization compared to the sinus stimulus despite its speediness to the endpoints of the trajectory that theoretically might have affected the detection of important movement information (Bingham et al., 2001; Hajnal et al., 2009; Wilson et al., 2005a; Zaal et al., 2000) . This suggests that other properties of the rhythms' trajectory might modulate the dynamics of unintended visuomotor coordination in addition to its slowness to the endpoints. It is possible for example that certain forms of nonlinearity such as Van der Pol kinematics increase the visual attention of participants, and thus, the emergence of spontaneous synchronization Schmidt et al., 2007; Varlet et al., 2012a) . This encourages therefore further explorations using other kinds and magnitudes of stimulus nonlinearity in order to better understand the role played by the stimulus velocity profile in the stability of visuomotor coordination.
General Discussion
Across two experiments the current study investigated whether the velocity profile of environmental or external rhythms influences the dynamics of visuomotor coordination. We hypothesized that the velocity profile of visual rhythms would modulate the emergence and stability of intended and unintended visuomotor coordination and, more specifically, that the coordination would depend on the damping or slowness around the endpoints of the observed rhythms' trajectory.
Generally, these results corroborate previous research which showed that intended and unintended rhythmic visuomotor coordination can be understood as constrained by the dynamical entrainment processes of coupled oscillators, and further demonstrate the necessity to focus on the components' properties to better understand coordination dynamics (Lopresti-Goodman et al., 2008; Peper & Beek, 1998; Roerdink et al., 2008; Schmidt et al., 2011; Varlet et al., 2012a; Wimmers et al., 1992) . Consistent with our expectations, the results of these two experiments demonstrated that the dynamics of both intended and unintended visuomotor coordination are modulated by the velocity profile of the observed environmental rhythms. More specifically, our study connects for the first time previous studies showing nonlinearities in human movement kinematics with research on visuomotor (interpersonal) coordination. Our results extend previous findings by showing that an actor looking at an external or environmental movement is sensitive to nonlinearities in its kinematics, resulting in greater or poorer coordinated behavior. In short, the movement of an actor is more easily coordinated to visual stimuli oscillating with Rayleigh kinematics compared with sinusoidal or Van der Pol kinematics, suggesting a constructive effect of the slowness of the rhythm to its endpoints for the coordination.
In view of the previous research by Bingham and his colleagues, and more specifically, the visually mediated model of rhythmic coordination they have proposed (Bingham, 2004a (Bingham, , 2004b SnappChilds, Wilson, & Bingham, 2011) , an alternative explanation for such effects could be that there is greater similarity between the velocity profiles of the stimulus movements and participants' movements. Indeed, they have shown that the information that can be used to control rhythmic visuomotor coordination is the relative direction between the observed and produced movements and that the detection of this information depends on the relative speed between these two movements that acts as noise (Bingham, 2004a (Bingham, , 2004b Snapp-Childs et al., 2011; Wilson et al., 2005a; Wilson, Collins, & Bingham, 2005b) . When performing an in-phase or antiphase coordination, the relative direction does not change (always the same and always different at 0°and 180°, respectively), but antiphase coordination is less stable because the relative speed ranges from zero to maximally different, which degrades the detection of the relative direction information. Numerous studies that investigated the perception of visual coordination between two oscillating visual dots support the model and it predictions, including studies with perturbed kinematics (Bingham, 2004b; Bingham et al., 1999 Bingham et al., , 2001 Wilson & Bingham, 2008; Zaal et al., 2000) . Bingham and colleagues have also demonstrated the validity of the model for rhythmic visuomotor coordination (Snapp-Childs et al., 2011; Wilson et al., 2005a Wilson et al., , 2005b . The relative speed between participant and stimulus movements has been manipulated for example by changing the difference of amplitude between the two movements (Snapp-Childs et al., 2011) or by asking participants to coordinate a circular movement with a This document is copyrighted by the American Psychological Association or one of its allied publishers.
stimulus oscillating horizontally either with a constant or harmonic velocity profile (Wilson et al., 2005b) . Although it was not the primary aim of our experiments, the manipulation of the stimulus velocity profiles was found to affect the relative speed between participants' and stimulus movements and raises questions about whether it might have affected the coordination and contributed to our results. In particular, did greater coordination with the Rayleigh stimulus occur because of minimal relative speed in this condition as predicted by the model? In other words, is the coordination facilitation observed with the Rayleigh stimulus is due to the fact that the natural or preferred movement kinematics of participants was close to a Rayleigh kinematics? The analyses of the movement kinematics of participants showed that they exhibited harmonic or very close to harmonic motion, and even tend to keep this movement trajectory when coordinating with nonlinear stimuli. Therefore, greater coordination should have occurred with the sinus (harmonic) stimulus according to the visually mediated model. In contrast, the results demonstrated greater coordination with the Rayleigh stimulus, and thus, support a constructive effect of the slowness of the rhythm to its endpoints, independently of the movement kinematics produced by participants.
Nevertheless, it remains possible that differences in the nonlinearities of observed and produced movements influence the emergence and stability of the coordination as predicted by the model. The rhythmic limb movements of an individual might be more likely to become coordinated with a visual rhythm, not only because of its velocity profile as demonstrated in the current study, but also because they share similar movement profiles. Therefore, it would be particularly interesting to manipulate in future research the (dis)similarity between participants' and stimulus preferred velocity profiles to directly test the predictions of Bingham's model as initiated by Wilson, Collins, and Bingham (2005b) using circular movements. Moreover, to further understand how movement kinematics modulate rhythmic visuomotor coordination, future research ought to investigate more forms and magnitudes of stimulus nonlinearity as explained above. Indeed, the understanding of the role played by the stimulus velocity profiles remains limited in the current study due to the small number of kinematic patterns tested. We examined two forms of nonlinearity (i.e., Rayleigh and Van der Pol) and only one (low/moderate) magnitude for each of them whereas it is possible that some effects would only occur for certain ranges of nonlinearity. In particular, Muchisky and Bingham (2002) have investigated the discrimination of different stimulus trajectories and have shown the existence threshold effects, suggesting that stronger and/or additional effects might be observed when coordinating with stimuli oscillating with greater nonlinearity.
The results of the current study have important implications to better understand the influence of the social nature (i.e., agency) of external visual rhythms and the dynamics of interpersonal coordination in general (Chaminade et al., 2005; Coey, Varlet, Schmidt, & Richardson, 2011a; Kilner et al., 2003; Stanley et al., 2007) . The movement of an actor is known to be more influenced or attracted to the movement of a social stimulus than a nonsocial stimulus (Chaminade et al., 2005; Kilner et al., 2007 Kilner et al., , 2003 Stanley et al., 2007) . However, a number of studies have failed to show such agency effects when human and nonhuman stimuli were rigorously controlled to have identical movement kinematics (Coey et al., 2011a; Jansson et al., 2007) . Together with these results, our findings support the proposal that such agency effects in visuomotor coordination may mainly originate from differences at the level of the stimulus velocity profiles, and more specifically from the damping of human or biological rhythmic movement that might facilitate synchronization.
These results are also of particular interest for the numerous researchers that investigate the efficiency and deficiency of interpersonal coordination. They can help to better understand and improve the synchronization performance in activities requiring very efficient interpersonal coordination such as team rowing, dance or music situations (de Brouwer, de Poel, & Hofmijster, 2013; Phillips-Silver & Keller, 2012; Sevdalis & Keller, 2011; Varlet et al., 2013) . They also have implication for understanding the impaired interpersonal coordination of patients suffering from mental and social disorders. A growing interest in understanding the role that movement coordination plays in interpersonal responsiveness has occurred due to findings that indicate that motor coordination of interacting people modulates the success of their interaction or exchange (Marsh, Richardson, & Schmidt, 2009 ). Indeed, naturally occurring movement coordination can influence feelings of group cohesion, connectedness, or even facilitate interpersonal communication (Bernieri, 1988; Chartrand & Bargh, 1999; Hove & Risen, 2009; Richardson, Dale, & Kirkham, 2007; Shockley, Richardson, & Dale, 2009; Wiltermuth & Heath, 2009) .
Impairments of interpersonal coordination have been recently demonstrated in autism and schizophrenia, but their origin remains largely unclear (Fitzpatrick, Diorio, Richardson, & Schmidt, 2013; Kupper, Ramseyer, Hoffmann, Kalbermatten, & Tschacher, 2010; Marsh et al., 2013; Varlet et al., 2012c) . The results of this study encourages further investigations of the movement kinematics of patients to determine whether changes in their velocity profiles might explain their impaired coordination dynamics, and develop if necessary rehabilitations protocols aiming at recovering more biological or healthy movement kinematics and successful social interactions.
Finally, the present findings can be also of importance to improve our interactions with virtual agents and humanoid robots (Chaminade et al., 2005; Hasnain, Mostafaoui, & Gaussier, 2013; Kopp, 2010; Kupferberg et al., 2011) . Several previous studies have tried to improve the interaction of these agents by enhancing the human nature of their appearance despite there is no demonstrated influence at our knowledge of such manipulations on our movement coordination (Coey et al., 2011a) . This study therefore supports that improving the human or biological nature of the movement kinematics of these agents might represent an alternative promising research direction to enhance the interaction.
